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1 | INTRODUCTION

Abstract

Rapid, early, and reliable detection of invasive pathogenic microorganisms is essential
in order to either predict or delineate an outbreak, and monitor appropriate mitiga-
tion measures. The chytrid fungus Batrachochytrium salamandrivorans is expanding
in Europe, and infection with this fungus may cause massive mortality in urodelans
(salamanders and newts). In this study, we designed and validated species-specific
primers and a probe for detection of B. salamandrivorans in water. In a garden pond
in close proximity to the B. salamandrivorans index site in the Netherlands, B. sala-
mandrivorans-infected newts had been detected in 2015 and have been monitored
since. In 2016 and 2017, no B. salamandrivorans was detected at this site, but in 2018
B. salamandrivorans flared up in this isolated pond which allowed validation of the
technique in situ. We here present the development of an environmental DNA tech-
nique that successfully detects B. salamandrivorans DNA in natural waterbodies even
at low concentrations. This technique may be further validated to play a role in B.
salamandrivorans range delineation and surveillance in both natural waterbodies and

in captive collections.
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conservation actions (Lawson, Petrovan, & Cunningham, 2015;
Spitzen-van der Sluijs, 2018). The current scattered distribution of

The emerging pathogen Batrachochytrium salamandrivorans (Bsal)
causes mass mortality events of fire salamanders (Salamandra sala-
mandra) in Europe. Effective disease management depends on data
availability (e.g., data on pathogen distribution), and during all epi-
demic phases (Langwig et al., 2015), active and passive surveillance
are key elements in determining infection status and the required

Bsal in Europe (Dalbeck et al., 2018; Spitzen-van der Sluijs et al.,
2016), the poor detectability of sick and deceased individuals (un-
publ. data) and the variable prevalence in wild salamander and newt
populations (Dalbeck et al., 2018; Spitzen-van der Sluijs et al., 2016;
2018; Yuan et al., 2018), is factors that make active surveillance for
Bsal cost-ineffective, while Bsal has the potential to further expand

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction
in any medium, provided the original work is properly cited and is not used for commercial purposes.

© 2020 The Authors. Environmental DNA published by John Wiley & Sons Ltd

Environmental DNA. 2020;00:1-7.

wileyonlinelibrary.com/journal/edn3 1


www.wileyonlinelibrary.com/journal/edn3
mailto:﻿
https://orcid.org/0000-0003-2008-9375
http://creativecommons.org/licenses/by-nc/4.0/
mailto:a.spitzen@ravon.nl

Environmental DNA

SPITZEN - vaN DErR SLUIJS ET AL.

Dedicated to the study and use of environmental DNA for basic and appl

(Beukema et al., 2018) either via anthropogenic or natural pathways
(e.g., Fitzpatrick, Pasmans, Martel, & Cunningham, 2018; Stegen
et al., 2017). Active surveillance for Bsal is performed by collecting
skin swabs from the amphibian host (Hyatt et al., 2007), and then an-
alyzing these swabs for the presence of Bsal DNA using quantitative
PCR (gPCR) techniques (Blooi et al., 2015a; 2015b). The reliable de-
tection of Bsal at low prevalence requires sampling a large number of
individuals (DiGiacomo & Koepsell, 1986) and is therefore expensive.
Passive surveillance for infection in newts during their aquatic phase
is unreliable, as hosts can carry infections asymptomatically (Stegen
et al., 2017), and dead newts quickly decompose in water.

The analysis of environmental DNA (eDNA) (i.e., DNA obtained
from environmental samples without the prior isolation of any tar-
get organism; Tab erlet, Coissac, Hajibabaei, & Rieseberg, 2012)
is now widely used as an alternative tool for species detection
(Tsuji, Takahara, Doi, Shibata, & Yamanaka, 2019), especially for
macroorganisms. This approach has been proven to have a higher
detection capability and cost-effectiveness compared with tradi-
tional methods, for example, (Biggs et al., 2015). eDNA techniques
have been demonstrated to be a reliable tool for the detection of
Batrachochytrium dendrobatidis (Bd), and ranavirus in the environ-
ment even at early stage before any amphibian mortality has oc-
curred (e.g., Kamoroff & Goldberg, 2017; Miaud, Arnal, Poulain,
Valentini, & Dejean, 2019).

We here present the development of an eDNA technique, val-
idated in aquaria and in a natural waterbody, that successfully de-
tects the presence/absence of Bsal, even at low zoospore densities.
This technique can be applied to study the expansion or presence,
but not prevalence, of Bsal over larger areas in a reliable, cost-effec-

tive, and efficient way.

2 | METHODS
2.1 | Primer and probe validation

Species-specific primers and a probe were designed in this study for
the amplification of a short Bsal DNA fragment of 54 bp by PCR.
A 788 bp genomic sequence containing internal transcribed spacer
1 (partial), 5.8S ribosomal RNA (complete), and internal transcribed
spacer 2 (partial) was used for the primer design (GenBank acces-
sion number KC762295). The PrimerQuest program (IDT, Coralville,
USA; retrieved December 12, 2012 from http://www.idtdna.com/
Scitools) was used to design the primers and probes that amplified
a short fragment of 54 bp (primers excluded). The primers ampli-
fied the same internal region which is used for the detection of Bsal
in skin samples by PCR (Martel et al., 2013). To test primer speci-
ficity, they were first validated in silico using the ecoPCR program
(Bellemain et al., 2010; Ficetola et al., 2010) on the EMBL-Bank re-
lease 123, allowing three mismatches per primer. Then, an in vitro
validation was undertaken using real-time PCR on one DNA sample
from Bsal (183 GE) and B. dendrobatidis (Bd, 100 GE). The real-time

gPCR was carried out using a final volume of 25 pl, containing 3 pl

of template DNA, 12.5 pl of TagMan Environmental Master Mix 2.0
(Life Technologies), 6.5 pl of ddH,0O, 1 pl of forward primer (Bsal_F:
CACATTGCACTCTACTTT, 10 puM), 1 puL of reverse primer (Bsal_R:
AAGACAAGGAAATGAATTAAA, 10 uM), and 1 ul of probe (Bsal_
Pr: 6-FAM- TGATTCTCAAACAGGCATACTCTAC -BHQ-1, 2.5 uM)
using thermal cycling at 50°C for 5 min and 95°C for 10 min, fol-
lowed by 50 cycles at 95°C for 30 s and 53.3°C for 1 min. To test
the sensitivity of primer and probes, the limit of detection (LOD, i.e.,
the minimum amount of target DNA sequence that can be detected
in the sample) and the limit of quantification (LOQ, i.e., the lowest
amount of target DNA that yields an acceptable level of precision
and accuracy) were calculated by running a dilution series of a known
amount of total Bsal DNA, ranging from 100 ng/ul (1.83 x 10* GE/p)
to 1071% ng/ul (1.83 x 1078 GE/ul) with 12 qPCR replicates per con-
centration below 1073 ng/ul (1.83 x 107 GE/pl). Total Bsal DNA was
extracted from a 5-day-old culture containing both sporangia and
zoospores using Prepman Ultra reagent (Applied Biosystems), and
the final DNA concentration was measured using a NanoDrop spec-
trophotometer. LOD and LOQ were calculated using the method
proposed in Klymus et al. (2019).

The final validation was performed by spiking two liters of dis-
tilled water with a known amount of Bsal zoospores. Bsal zoospores
in distilled water were collected from the Bsal type strain AMFP1,
grown in TGhL broth as described before (Martel et al., 2013). The
water samples were spiked with one, 10, 100, 1,000, or 10,000 Bsal
spores, and three samples replicates were made per spore concen-
tration. Bsal spores were collected in H,O from a full-grown culture
containing mature sporangia. Once the zoospores were released,
the water containing the zoospores was collected and passed over
a sterile mesh filter with pore size 10 um (Pluristrainer, PluriSelect).
The flow-through was used as the zoospore fraction (> 90% purity).
In total 15 samples of 2L of water were obtained and then filtered
through VigiDNA® 0.45-uM cross-flow filtration capsules (SPYGEN)
using a sterile 100 ml syringe. The filter was filled with 80 ml of CL1
Conservation buffer (SPYGEN, le Bourget du Lac, France) and stored
atroomtemperature before the DNA extraction. DNA extraction was
performed following the protocol described in Miaud et al. (2019) in
a dedicated room for water DNA sample extraction, equipped with
positive air pressure, UV treatment, and frequent air renewal. Before
entering this extraction room, personnel changed into full protective
clothing comprising disposable body suit with hood, mask, labora-
tory shoes, overshoes, and gloves in a connecting zone. All benches
were decontaminated with 10% commercial bleach before and after
each manipulation. For DNA extraction, each filtration capsule, con-
taining the CL1 buffer, was agitated for 15 min on an S50 shaker
(cat Ingenieurbiiro™) at 800 rpm and then the buffer was emptied
into a 50-ml tube before being centrifuged for 15 min at 15,000 x g.
The supernatant was removed with a sterile pipette, leaving 15 ml
of liquid at the bottom of the tube. Subsequently, 33 ml of ethanol
and 1.5 ml of 3M sodium acetate were added to each 50-ml tube
and stored for at least one night at -20°C. The tubes were centri-
fuged at 15,000 g for 15 min at 6°C, and the supernatants were
discarded. After this step, 720 ul of ATL buffer from the DNeasy
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TABLE 1 The sampling events for Batrachochytrium salamandrivorans prevalence and infection intensity by eDNA samples and by swab
samples in one garden pond in 2015, 2016, and 2018

Year/month date (DD/MM/YY) eDNA? species (# P/# total) GE (range)
2015 April 01-04-15 la® (0/1); Lv® (0/5) NA
May 27-05-15 la (0/5); Lv (4/24) 193-2140 GE
June 18-06-15 la (0/3); Lv (0/14) NA
2016 March 31-03-16 la (0/4) NA
April 14-04-16 1a(0/2); Lv (0/4) NA
19-04-16 N (0/12) NA NA
22-04-16 la (0/1) NA
27-04-16 la (0/7); Lv (0/2) NA
May 11-05-16 la (0/6); Lv (0/4) NA
June 12-06-16 la (0/2); Lv (0/7) NA
2018 April 05-04-18 la (0/9); Lv (1/4) 200 GE
12-04-18 P(2/12)and P (1/12) la (0/18); Lv (4/12) 22-44GE
21-04-18 P (8/12)and P (7/12) la (0/13); Lv (0/7) NA
May 23-05-18 N (0/12) la (0/21); Lv (0/44) NA
June 12-06-18 N (0/12) la (0/1); Lv (0/13) NA
August 13-08-18 N (0/12) NA
September 14-09-18 N (0/12) NA

N (no Bsal detected); P (Bsal detected) (nr positive replicates/nr. total replicates).

Bichthyosaura alpestris.
“Lissotriton vulgaris.

Blood & Tissue Extraction Kit (Qiagen) was added. The tubes were
then vortexed, and the supernatants were transferred to 2-ml tubes
containing 20 ul of Proteinase K. The tubes were finally incubated at
56°C for two hours. Subsequently, DNA extraction was performed
using NucleoSpin® Soil (MACHEREY-NAGEL GmbH & Co.) starting
from step 6 and following the manufacturer's instructions. The elu-
tion was performed by adding 100 ul of SE buffer twice. After the
DNA extraction, the samples were tested for inhibition by gPCR fol-
lowing the protocol described in Biggs et al., 2015. If the sample was
considered inhibited, it was diluted fivefold before the amplification.
The real-time amplification was carried out following the protocol
described in the in vitro section with 12 qPCR replicates per sam-
ple. To detect potential contamination, one DNA extraction control
and a gPCR negative control (with 12 replicates) were performed in
parallel. A dilution series of DNA ranging from 1.83 x 10° GE/ul to
18.3 GE/ul) was used as the gPCR standard. Samples were run on a
BIO-RAD CFX96 Touch real-time PCR detection system in a room
dedicated to amplified DNA analysis with negative air pressure and

physically separated from the DNA extraction room.

2.2 | Study site

We sampled a garden pond (water surface 58 m?) situated in the Bsal
index site in the Netherlands, the Bunderbos (Martel et al., 2013; site
3 in Spitzen-van der Sluijs et al., 2016). This pond is part of a large-

scale Bsal survey and as such it has been, and still is, frequently

sampled from 2015 onwards, by swab sampling of individual animals,
as described in Blooi et al. (2013). In the pond, reproduction of smooth
newts (Lissotriton vulgaris), alpine newts (Ichthyosaura alpestris), and
common frogs (Rana temporaria) occur annually. Other present, but
not reproducing species are common toad (Bufo bufo) and water frogs
(Pelophylax sp.). These anuran species are considered to be resistant to
a Bsal infection (Martel et al., 2014). There is no larval deposition of fire

salamanders, but this latter species has been seen in the garden.

2.3 | Sampling protocol eDNA

Bsal produces motile zoospores and environmentally resistant, en-
cysted spores that float on the water surface (Stegen et al., 2017).
Therefore, water samples were collected only from the top 1 cm of
the water in 2018, but prior to the Stegen et al. (2017) publication,
water samples were also collected from 5-10 cm depth. The eDNA
sampling was conducted before the swab sampling of the individual
animals (Table 1) on the same days. An exception on this was the first
sampling opportunity. On April 5, 2018, Bsal was sampled via swabs
from individual newts. Upon the confirmation of Bsal presence, we
subsequently collected eDNA and collected swabs from individual
animals seven days later (April 12, 2018).

The field sampling for eDNA was performed following the
protocol described in (Miaud et al., 2019). The sampling kits
were composed of a sterile water sampling ladle, a self-support-

ing sterile Whirl-Pak® bag, a sterile syringe, gloves to minimize
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contamination, a VigiDNA® 0.45-uM cross-flow filtration capsule
(SPYGEN), and a bottle containing 80 ml of CL1 Conservation buf-
fer (SPYGEN). Using the ladle, subsamples of 100 ml water were
collected around the pond margin to create a pooled water sam-
ple of approximately 2 L in the sterile self-supporting plastic bag.
Samples were collected while the surveyor stood only on the pond
bank or on muddy pond edges without entering the water to avoid
possible contamination from the surveyors’ boots, or by stirring
up sediment. The water sample was homogenized by gently shak-
ing the bag to ensure that eDNA was evenly mixed through the
sample, and then the 2 L of sampled water was filtered through
the VigiDNA 0.45 pm filter using a sterile 100 ml syringe, directly
in the field. Subsequently, 80 ml of CL1 conservative buffer was
added to the filter and the filters were stored at room temperature
for a maximum period of six weeks before the DNA extraction.
The DNA extraction and amplification were performed as de-

scribed above in the primer and probe validation section.

2.4 | Sampling individual animals using swabs

Smooth newts and alpine newts were captured using two to six am-
phibian fykes (type: Laar M2, rectangular 30 x 30 x 50 cm, mesh size
4 mm, distribution: Laar Technology & Consulting Ltd.), that were
placed at the edges of the pond for max 12 - 16hr and were left
overnight. The owners did not want dip nets to be used and search
intensity varied per field visit. During each sampling event, the gar-
den (60 by 20 m) was searched for newts in their terrestrial phase as
well. Ventral skin swabs were taken from postmetamorphic newts,
using aluminium sterile cotton-tipped dry swabs (rayon-dacron,
COPAN, UNSPSC CODE 41,104,116) following the procedure and
biosecurity measures described in Hyatt et al. (2007) and Van Rooij
et al. (2011). All samples were kept frozen at = 20°C until further
analysis for the presence of Bsal DNA through real-time PCR, as de-
scribed by Blooi et al. (2013). Skin histopathology as described in
Martel et al. (2013) was performed to detect Bsal infection on dead
newts. The aim during each site visit was to collect and sample at
least 30 and maximally 60 specimens/visit.

3 | RESULTS
3.1 | Primer and probe validation

The primer pair and the probe showed 100% specificity both in silico
and in vitro. The LOQ in this study was 4 GE/ul, and the LOD was
2.93e-06 GE/ul. The threshold cycles observed in the spiked water
sample were below the LOQ, and thus it was not possible to cor-
relate the number of spores with the quantity of DNA retrieved. For
this reason, we used the number of replicates amplified in a sam-
ple for relative quantification, rather than reporting the amount of
eDNA detected quantitatively, as suggested in Biggs et al. (2015).

The number of replicates was positively correlated with the number

of spores spiked in the water sample (ANOVA p-value = 0.00245,
Figure 1).

3.2 | Field sampling (swabs and eDNA)

We were able to validate the eDNA technique for Bsal in situ
(Table 1). In the garden pond, Bsal DNA was detected on April 5,
2018 in skin swabs (a Bsal-positive smooth newt (200 GE)). The next
sampling (12 April 2018) using both eDNA (two samples) and the
traditional method (skin swabs) revealed Bsal in the eDNA samples
(1 and 2 out of 12 gPCR replicates) and in the swabs (4/30), albeit
with low infection loads (Table 1). Remarkably, during the third
sampling occasion (April 21, 2018), the collected eDNA samples
returned positive with a high number of positive PCR replicates (7
and 8 out of 12 qPCR replicates), but the collected 20 swabs tested
negative for Bsal. At later sampling events, Bsal was no longer de-
tected, neither in eDNA samples nor in the swabs. In August and
September 2018, metamorphosed newts could not be found de-
spite extensive search effort in the water and on land, presumably
because of the extremely dry weather conditions. In June 2016, a
dead alpine newt and four dead smooth newts were found, and in
June 2018 one dead alpine newt was found. None of these animals

tested positive for Bsal.

4 | DISCUSSION

The aim of this study was to test the potential of eDNA sampling for
Bsal range delineation, and we have shown that this technique can
be applied to detect Bsal in stagnant water.

A caveat of this study was the single study site, as well as the
limited number of swabs and eDNA samples, especially in 2016.
Due to the landscape configuration, not many ponds are present in
the Bunderbos. This garden pond is the only pond in the Bunderbos
where we could find Bsal-infected aquatic newts (in 2015 and again
in 2018). Since its discovery in 2013, Bsal has continuously been
present in the Bunderbos, but Bsal prevalence is low and in the other
years, Bsal-infections in newts and salamanders have only been de-
tected in terrestrial individuals (Spitzen-van der Sluijs et al., 2018;
unpublished data). Budget restrictions did not allow for the collec-
tion of more samples in this study.

To detect Bsal, we used one filter per sampling event (collected
with an integrative sampling to avoid the patchiness of eDNA in
lentic environments (Harper et al., 2018) and 12 gPCR replicates,
which is a similar replication level as suggested by (Schmidt, Kéry,
Ursenbacher, Hyman, & Collins, 2013) and higher than suggested by
Ficetola, Tab erlet, & Coissac (2016) and Mosher et al. (2017). At the
site, no differences were observed in the two field replicates col-
lected in parallel during two sampling sessions. The validation using
water samples spiked with zoospores of Bsal gave similar results
as were obtained in the experiment of Mosher et al. (2017) for Bd.

These results confirm the reliability of the analysis for Bsal detection.
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A noticeable outcome is the detection of Bsal via eDNA but not
via the swabs (Table 1), which could be explained by a low prevalence
of the fungus. To detect a pathogen that occurs at low prevalence,
sampling of a large number of individuals is required (DiGiacomo &
Koepsell, 1986). At the time of our sampling (April 21, 2018) only
20 swabs could be collected (no more individuals could be caught).
To detect Bsal with this limited sample size, the Bsal prevalence
should range, depending on the level of confidence, between 15%
and 20% (DiGiacomo & Koepsell, 1986). This prevalence is rather
high for endemic situations and has so far only been observed during
Bsal outbreaks in fire salamander populations and in Asian urodelan
populations (Dalbeck et al., 2018; Laking, Ngo, Pasmans, Martel, &
Nguyen, 2017; Spitzen-van der Sluijs et al., 2016; Stegen et al., 2017;
Yuan et al., 2018). The objective to minimally sample 30 individuals/
visit was only reached twice during the entire study, and this unpre-
dictability is inherent to fieldwork.

The fire salamander is a mainly terrestrial species, and as such
the here described eDNA technique is less suitable to set the range
of Bsal in terrestrial environments and in fire salamanders or other
terrestrial species, yet the technique will be useful to demarcate the
distribution of Bsal by Bsal-vectoring and susceptible newt species

in their aquatic phase. These results highlight the high detection

capability and advances of our eDNA technique. It also shows it is
a useful detection method complementary to the collection of skin
swab samples. Collecting swabs remains necessary in active patho-
gen surveillance for detecting prevalence and infection intensity.
Equally, passive surveillance for dead or moribund animals remains
indispensable.

We have shown that eDNA sampling can be used to detect Bsal
in water and as such the technique may be further validated to play
a role in Bsal range delineation and surveillance in both natural sit-
uations and in collections. eDNA-based methods allow for rapid,
reliable, and cost-effective screening for Bsal and can therefore be
applied to monitor pathogen presence or absence in high-risk inva-
sion areas or in collections. Also, eDNA-based methods will help to
delineate the outbreak and allow for the evaluation of the effective-

ness of management measures.

ACKNOWLEDGMENTS

This study was financed by the Dutch Ministry of Agriculture,
Nature and Food Quality, WWF Netherlands (Biodiversiteitsfonds)
and the Prins Bernhard CultuurFonds Limburg. E.V. was supported
by the Research Foundation Flanders (FWO grants 12E6616N and
1507119N). We kindly thank the owners of the garden pond for



Environmental DNA

SPITZEN - vaN DErR SLUIJS ET AL.

s wiLey

their hospitality and SPYGEN staff for the technical support in
the laboratory. We acknowledge Sergé Bogaerts for his help with

Dedicated to the study and use of environmental DNA for basic and applied sciences

fieldwork.

CONFLICT OF INTEREST
None declared.

AUTHOR CONTRIBUTION

A.S., T.S., M.G., and J.H. contributed to the study and sampling de-
sign. T.S. and J.J. conducted all fieldwork. EV., AV,, and T.D con-
ducted all the laboratory work. AV, T.D, A.M., and F.P. interpreted
the data. A.S. led the writing of the manuscript with all authors con-
tributing and giving final approval for publication.

DATA AVAILABILITY STATEMENT

Full details of the sampling site are provided in an earlier publica-
tion (Spitzen-van der Sluijs et al., 2016) (https://dx.doi.org/10.3201/
eid2207.160109), and all data are provided in Table 1.

ORCID
Annemarieke Spitzen - van der Sluijs
org/0000-0003-2008-9375

https://orcid.

REFERENCES

Bellemain, E., Carlsen, T., Brochmann, C., Coissac, E., Taberlet, P., &
Kauserud, H. (2010). ITS as an environmental DNA barcode for fungi:
An in silico approach reveals potential PCR biases. BMC Microbiology,
10(1), 1-9. https://doi.org/10.1186/1471-2180-10-189

Beukema, W., Martel, A., Nguyen, T. T., Goka, K., Schmeller, D., Yuan,
Z., ... Pasmans, F. (2018). Environmental context and differences
between native and invasive observed niches of Batrachochytrium
salamandrivorans affect invasion risk assessments in the Western
Palaearctic. Diversity and Distributions, 24, 1788-1801. https://doi.
org/10.1111/ddi.12795

Biggs, J., Ewald, N., Valentini, A., Gaboriaud, C., Dejean, T., Griffiths,
R. A., ... Dunn, F. (2015). Using eDNA to develop a national citizen
science-based monitoring programme for the great crested newt
(Triturus cristatus). Biological Conservation, 183, 19-28. https://doi.
org/10.1016/j.biocon.2014.11.029

Blooi, M., Pasmans, F., Longcore, J. E., Spitzen-van der Sluijs, A,
Vercammen, F., & Martel, A. (2013). Duplex real-time PCR for rapid
simultaneous detection of Batrachochytrium dendrobatidis and
Batrachochytrium salamandrivorans in amphibian samples. Journal of
Clinical Microbiology, 51(12), 4173-4177. https://doi.org/10.1128/
JCM.02313-13

Blooi, M., Martel, A., Haesebrouck, F., Vercammen, F., Bonte, D., &
Pasmans, F. (2015a). Treatment of urodelans based on temperature
dependent infection dynamics of Batrachochytrium salamandrivorans.
Scientific Reports, 5, 8037. https://doi.org/10.1038/srep08037

Blooi, M., Pasmans, F., Rouffaer, L., Haesebrouck, F., Vercammen, F., &
Martel, A. (2015b). Successful treatment of Batrachochytrium sala-
mandrivorans infections in salamanders requires synergy between
voriconazole, polymyxin E and temperature. Scientific Reports, 5,
11788. https://doi.org/10.1038/srep11788

Dalbeck, L., Dussel-Siebert, H., Kerres, A., Kirst, K., Koch, A.,
Lotters, S., ... Wegge, J. (2018). Die Salamanderpest und ihr
Erreger Batrachochytrium salamandrivorans  (Bsal):  Aktueller
Stand in Deutschland / The salamander plague and its pathogen

Batrachochytrium salamandrivorans (Bsal): Current status in Germany.
Zeitschrift Fiir Feldherpetologie, 25, 1-22.

DiGiacomo, R. F., & Koepsell, T. D. (1986). Sampling for detection of
infection or disease in animal populations. Journal of the American
Veterinary Medical Association, 189(1), 22-23.

Ficetola, G., Coissac, E., Zundel, S., Riaz, T., Shehzad, W., Bessiére,
J., ... Pompanon, F. (2010). An In silico approach for the evalua-
tion of DNA barcodes. BMC Genomics, 11(1), 1-10. https://doi.
org/10.1186/1471-2164-11-434

Ficetola, G. F., Taberlet, P., & Coissac, E. (2016). How to limit false posi-
tives in environmental DNA and metabarcoding? Molecular Ecology
Resources, 16(3), 604-607. https://doi.org/10.1111/1755-0998.12508

Fitzpatrick, L. D., Pasmans, F., Martel, A., & Cunningham, A. A. (2018).
Epidemiological tracing of Batrachochytrium salamandrivorans in pri-
vate amphibian collections identifies widespread infection and as-
sociated mortalities in Western Europe. Scientific Reports, 8, 13845.
https://doi.org/10.1038/s41598-018-31800-z

Harper, L. R., Lawson Handley, L., Hahn, C., Boonham, N., Rees, H. C,,
Gough, K. C., ... Hanfling, B. (2018). Needle in a haystack? A compar-
ison of eDNA metabarcoding and targeted qPCR for detection of the
great crested newt (Triturus cristatus). Ecology and Evolution, 8(12),
6330-6341. https://doi.org/10.1002/ece3.4013

Hyatt, A. D., Boyle, D. G., Olsen, V., Boyle, D. B., Berger, L., Obendorf,
D., ... Colling, A. (2007). Diagnostic assays and sampling protocols for
the detection of Batrachochytrium dendrobatidis. Diseases of Aquatic
Organisms, 73, 175-192.

Kamoroff, C., & Goldberg, C. S. (2017). Using environmental DNA for
early detection of amphibian chytrid fungus Batrachochytrium dend-
robatidis prior to a ranid die-off. Diseases of Aquatic Organisms, 127(1),
75-79. https://doi.org/10.3354/dao03183

Klymus, K. E., Merkes, C. M., Allison, M. J., Goldberg, C.S., Helbing, C. C.,
Hunter, M. E., ... Richter, C. A. (2019). Reporting the limits of detec-
tion and quantification for environmental DNA assays. Environmental
DNA, 1-12. https://doi.org/10.1002/edn3.29. [Epub ahead of print].

Laking, A. E., Ngo, H. N., Pasmans, F., Martel, A., & Nguyen, T. (2017).
Batrachochytrium salamandrivorans is the predominant chytrid fun-
gus in Vietnamese salamanders. Scientific Reports, 7, 44443. https://
doi.org/10.1038/srep44443

Langwig, K. E., Voyles, J., Wilber, M. Q., Frick, W. F., Murray, K. A., Bolker,
B. M., ... Kilpatrick, A. M. (2015). Context-dependent conservation
responses to emerging wildlife diseases. Frontiers in Ecology and the
Environment, 13(4), 195-202. https://doi.org/10.1890/140241

Lawson, B., Petrovan, S. O., & Cunningham, A. A. (2015). Citizen science
and wildlife disease surveillance. EcoHealth, 12(4), 693-702. https://
doi.org/10.1007/s10393-015-1054-z

Martel, A., Spitzen-van der Sluijs, A., Blooi, M., Bert, W., Ducatelle, R,
Fisher, M. C., Pasmans, F. (2013). Batrachochytrium salamandrivorans
sp. nov. causes lethal chytridiomycosis in amphibians. Proceedings of
the National Academy of Sciences, 110(38), 15325-15329. https://doi.
org/10.1073/pnas.1307356110

Martel, A., Blooi, M., Adriaensen, C., Van Rooij, P., Beukema, W., Fisher,
M. C,, ... Pasmans, F. (2014). Recent introduction of a chytrid fun-
gus endangers Western Palearctic salamanders. Science, 346(6209),
630-631. https://doi.org/10.1126/science.1258268

Miaud, C., Arnal, V., Poulain, M., Valentini, A., & Dejean, T. (2019). eDNA
increases the detectability of ranavirus infection in an alpine amphib-
ian population. Viruses, 11(6), 526.

Mosher, B. A., Huyvaert, K. P., Chestnut, T., Kerby, J. L., Madison, J. D.,
& Bailey, L. L. (2017). Design- and model-based recommendations
for detecting and quantifying an amphibian pathogen in environmen-
tal samples. Ecology and Evolution, 7(24), 10952-10962. https://doi.
org/10.1002/ece3.3616

Schmidt, B. R., Kéry, M., Ursenbacher, S., Hyman, O. J., & Collins, J. P.
(2013). Site occupancy models in the analysis of environmental DNA


https://dx.doi.org/10.3201/eid2207.160109
https://dx.doi.org/10.3201/eid2207.160109
https://orcid.org/0000-0003-2008-9375
https://orcid.org/0000-0003-2008-9375
https://orcid.org/0000-0003-2008-9375
https://doi.org/10.1186/1471-2180-10-189
https://doi.org/10.1111/ddi.12795
https://doi.org/10.1111/ddi.12795
https://doi.org/10.1016/j.biocon.2014.11.029
https://doi.org/10.1016/j.biocon.2014.11.029
https://doi.org/10.1128/JCM.02313-13
https://doi.org/10.1128/JCM.02313-13
https://doi.org/10.1038/srep08037
https://doi.org/10.1038/srep11788
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1186/1471-2164-11-434
https://doi.org/10.1111/1755-0998.12508
https://doi.org/10.1038/s41598-018-31800-z
https://doi.org/10.1002/ece3.4013
https://doi.org/10.3354/dao03183
https://doi.org/10.1002/edn3.29
https://doi.org/10.1038/srep44443
https://doi.org/10.1038/srep44443
https://doi.org/10.1890/140241
https://doi.org/10.1007/s10393-015-1054-z
https://doi.org/10.1007/s10393-015-1054-z
https://doi.org/10.1073/pnas.1307356110
https://doi.org/10.1073/pnas.1307356110
https://doi.org/10.1126/science.1258268
https://doi.org/10.1002/ece3.3616
https://doi.org/10.1002/ece3.3616

SPITZEN - vaN DEr SLUIJS ET AL.

Environmental DNA

Open Access

presence/absence surveys: A case study of an emerging amphibian
pathogen. Methods in Ecology and Evolution, 4(7), 646-653. https://
doi.org/10.1111/2041-210x.12052

Spitzen - van der Sluijs, A., Martel, A., Asselberghs, J., Bales, E. K.,
Beukema, W.,, ... Lotters, S. (2016). Expanding distribution of le-
thal amphibian fungus Batrachochytrium salamandrivorans in
Europe. Emerging Infectious Diseases, 22(7), 1286-1288. https://doi.
org/10.3201/eid2207.160109

Spitzen - van der Sluijs, A. (2018). It takes three to tango. The impact of
chytridiomycosis on native amphibians in the Netherlands. (PhD), Ghent
University, Retrieved from https://biblio.ugent.be/download/85803
82/8580383.pdf

Spitzen - van der Sluijs, A., Stegen, G., Bogaerts, S., Canessa, S., Steinfartz,
S., Janssen, N., ... Martel, A. N. (2018). Post-epizootic salamander
persistence in a disease-free refugium suggests poor dispersal ability
of Batrachochytrium salamandrivorans. Scientific Reports, 8(1), 3800.
https://doi.org/10.1038/s41598-018-22225-9

Stegen, G., Pasmans, F., Schmidt, B. R., Rouffaer, L. O., Van Praet, S.,
Schaub, M,, ... Martel, A. N. (2017). Drivers of salamander extirpation
mediated by Batrachochytrium salamandrivorans. Nature, 544(7650),
353-356. https://doi.org/10.1038/nature22059

Taberlet, P., Coissac, E., Hajibabaei, M., & Rieseberg, L. H. (2012).
Environmental DNA. Molecular Ecology, 21(8), 1789-1793. https://
doi.org/10.1111/j.1365-294X.2012.05542.x

Dedicated to the study and use of environmental DNA for basic and applied sciences

Tsuji, S., Takahara, T., Doi, H., Shibata, N., & Yamanaka, H. (2019). The de-
tection of aquatic macroorganisms using environmental DNA anal-
ysis—A review of methods for collection, extraction, and detection.
Environmental DNA, 1(2), 99-108. https://doi.org/10.1002/edn3.21

Van Rooij, P, Martel, A., Nerz, J., Voitel, S., Van Immerseel, F.,
Haesebrouck, F., & Pasmans, F. (2011). Detection of Batrachochytrium
dendrobatidis in Mexican bolitoglossine salamanders using an optimal
sampling protocol. EcoHealth, 8(2), 237-243.

Yuan, Z., Martel, A., Wu, J., Van Praet, S., Canessa, S., & Pasmans, F.
(2018). Widespread occurrence of an emerging fungal pathogen
in heavily traded Chinese urodelan species. Conservation Letters,
e12436, https://doi.org/10.1111/conl.12436

How to cite this article: Spitzen - van der Sluijs A, Stark T,
DelJean T, et al. Using environmental DNA for detection of
Batrachochytrium salamandrivorans in natural water.
Environmental DNA. 2020;00:1-7. https://doi.org/10.1002/
edn3.86



https://doi.org/10.1111/2041-210x.12052
https://doi.org/10.1111/2041-210x.12052
https://doi.org/10.3201/eid2207.160109
https://doi.org/10.3201/eid2207.160109
https://biblio.ugent.be/download/8580382/8580383.pdf
https://biblio.ugent.be/download/8580382/8580383.pdf
https://doi.org/10.1038/s41598-018-22225-9
https://doi.org/10.1038/nature22059
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1111/j.1365-294X.2012.05542.x
https://doi.org/10.1002/edn3.21
https://doi.org/10.1111/conl.12436
https://doi.org/10.1002/edn3.86
https://doi.org/10.1002/edn3.86

